Floating offshore wind turbines are complex dynamic structures, and detailed analysis of their loads require coupled aero-servo-hydro-elasto-dynamic simulations. However, time domain approach used for such analysis is slow, computationally expensive and requires detailed data about the wind turbine. Therefore, simplified approaches are necessary for feasibility studies, front-end engineering design (FEED) and the early phases of detailed design. This paper aims to provide a methodology with which the designer of the anchors can easily and quickly assess the expected ultimate loads on the foundations. For this purpose, a combination of a quasi-static wind load analysis and Morison's equation for wave load estimation using Airy waves is employed. Dynamic amplification is also considered and design load cases are established for ultimate limit state (ULS) design. A simple procedure is also presented for sizing suction caisson anchors. All steps are demonstrated through an example problem and the Hywind case study is considered for such purpose.
It is important to have a simplified methodology for estimating the loads on the anchors in order to generate conceptual anchor designs for feasibility studies and the early phases of design. This paper aims to provide a simplified approach for finding an upper bound limit for the expected loads on the floating offshore wind turbine structure. These loads may be transferred to the anchor through different load paths for different mooring and anchor types (Randolph and Gourvenec 2011) . The load estimation methodology presented in the paper is applicable for most combinations of mooring systems and anchors, however, the anchor sizing example presented considers catenary moorings and suction caisson anchors.
As opposed to offshore oil and gas structures where vertical and horizontal loads dominate the loading, the dominant load for bottom fixed offshore wind turbines is the overturning moment. These moments usually form the design basis for both Ultimate Limit State (ULS) and Serviceability Limit State (SLS) requirements. However, in the case of floating wind turbines, the righting moment which acts against the overturning moment is provided by the floating platform (e.g. a ballast system for a spar supported wind turbine). Therefore, designing against the overturning moment is the task of the naval architect (the designer of the floating platform) and is of little concern to the designer of the foundation (anchor).
The main loads transferred to the anchoring system are the horizontal and vertical forces, see Figure 1 . The horizontal force is caused by the combination of
• thrust force on the rotor due to wind -, • drag force on the wind turbine tower and the platform sections above mean sea level -, • wave load on the spar buoy -, • current load on the spar buoy -, • rotational frequency loads such as mass and aerodynamic imbalance loads (1P loads) -1 , • blade passage frequency loads (3P loads) -3 .
It has been shown by Arany et al. (2015 Arany et al. ( , 2017 that the wind load on the rotor and the wave load on the support structure dominates the magnitude of loading on the foundation. Furthermore, the 1P, 3P, current and tower drag loads are less significant. It should be noted, however, that current loads are significant for estimating the motions of the platform. Simplified calculation methods are derived below to obtain the ultimate load on the anchor of a spar supported floating offshore wind turbine. An example of an offshore wind turbine supported on a floating spar is then considered based on the Hywind floating platform, currently being built in Scotland (Statoil 2015) . Finally, a simplified anchor sizing procedure is presented, which is demonstrated to produce conservative upper bound estimates for the required suction caisson with similar values to those found in the environmental statement of the Hywind floating wind park (Statoil 2015) .
Methodology
In order to analyse the Ultimate Limit State (ULS) load on the Floating Offshore Wind Turbine (FOWT) anchor, the following ultimate load scenarios are defined, using the terminology of DNVGL-ST-0437 (DNVGL 2017):
(E-1) the combination of the 50-year extreme wind speed (with the turbine shut down) and the maximum wave load due to the 50-year extreme wave height, or (E-2) the combination of the maximum wind load due to Extreme Operating Gust (EOG) at rated wind speed and the 1-year extreme wave height.
It is not necessary to consider the scenario with the maximum wave height (due to the 50-year extreme wave height) and the maximum wave load (due to EOG at rated wind speed) together as the probability of both occurring together is negligible for the intended design life of 25 years. This is because the maximum wind load occurs when the wind speed is around the rated wind speed and the turbine is operational, while the maximum wave load occurs in a 50-year storm when the turbine is shut down due to the high wind speed. The thrust load on the shutdown turbine is significantly reduced compared to the peak thrust force around the rated wind speed and an example is shown in Figure 2 .
A further complication in the load calculation of FOWTs compared to bottom-fixed structures is the range of allowed motions of the floater itself. Motions in six degrees of freedom (surge (x), sway (y), heave (z) displacements and the pitch (y), roll (x) and yaw (z) rotations) have to be considered for floating structures. An important difference between bottom fixed and floating structures is the allowed roll or pitch angle (typically called tilt for bottom fixed structures). DNV-JS-101 (DNV 2014) suggests 0.5° total allowed tilt for bottom fixed structures including accumulated rotation, while DNV-JS-103 (DNV 2013) permits 7° of pitch motion for FOWTs. The pitch motion of the structure introduces a relative velocity component in the wind speed experienced by the rotor, and therefore special control algorithms are required to avoid positive feedback of the motion (Nielsen et al 2006; Jonkman 2007) .
The maximum load is assumed to be the sum of the wind load , the drag and inertia components of the wave load , the wind drag on the superstructure (structural components above still water level)
, and the current load on the floating platform .
The loads shown here are calculated as loads at the floater padeye where the mooring lines are connected to the floater. This load is transferred through the mooring line to the anchor. Based on the mooring and anchor type, various load paths are possible. The main mooring types are (a) catenary mooring (typical for spar platforms and semi-submersible designs), (b) taut line mooring (currently mainly used in very deep water in offshore oil and gas applications), (c) vertical mooring (typical for tension leg platforms).
The most important anchor types are
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Both embedded and gravity anchors have been used in different floating offshore wind turbine concepts (Principle Power 2010; edp 2012; George 2014; Myhr et al 2014) . For different mooring line and anchor combinations, the spar padeye load may be reduced by:
• the weight of the suspended section of the mooring line -, • soil friction on the horizontal mooring line sections on the seabed (typical for catenary mooring lines) -, and
• soil reaction forces acting on the inverse catenary forming at an embedded anchor between the anchor padeye and the seabed -. This paper focuses on spar supported floating offshore wind turbines with catenary mooring and suction caisson anchors (using the example of the Hywind concept). Therefore, all three effects act to reduce the anchor padeye loading in normal operating conditions. For this structure type, the restoring (or righting) moment necessary to resist the overturning moment is provided by the ballast system. These are shown in Figure 1 .
An upper bound estimate for the ultimate load on the anchor of a spar supported FOWT can be obtained by taking the configuration where the mooring line is completely stretched and there is no part of it lying on the seabed. This is very similar to the configuration of a single taut mooring line. In this case the load is transferred directly to the anchor without the effect of soil friction on a horizontal section of the mooring line. Furthermore, in this configuration the angle of the mooring line at the seabed is also maximal, which impacts the inverse catenary shape at the anchor. This configuration is also shown in Figure 1 . In this paper, the following methodology will be followed:
Step 1: Calculate wind load at spar padeye for both environmental load cases E-1 and E-2.
Step 2: Calculate wave load at spar padeye for both environmental load cases E-1 and E-2.
Step 3: Determine ULS load scenario as the maximum of load cases E-1 and E-2.
Step 4: Calculate the load transferred to the anchor.
The tasks are detailed in the following sections.
Horizontal load estimation
Current design procedure
Floating offshore wind turbine design is currently carried out following the standard DNV-OS-J103 (DNV, 2013). The standard allows for
• design by partial safety factor method,
• design assisted by testing, and • probability-based design.
Most commonly the partial safety factor approach is chosen, which uses appropriate material factors and load factors coupling the motions of the floating platform and the wind turbine generator (WTG), that is, the rotor-nacelle-tower assembly. In this approach, the response of the platform is often determined using hydrodynamic analyses with the assumption that the WTG is a rigid a body. The obtained responses are then typically fed into a multi-body dynamics software package (e.g. DNVGL Bladed) and are used as boundary conditions at the bottom of the tower in aero-servo-elastic simulations.
The approach presented here provides an upper bound estimate for the anchor loads for preliminary and FEED design stages, using only basic data which are available at the early design phases and circumventing the need for time consuming and computationally expensive numerical analyses.
Wind load on the rotor (thrust)
From the point of view of wind load analysis, it is possible to employ a quasi-static or a coupled dynamic analysis approach. In practice, this means that the loads can be analysed such that the platform motion is neglected while calculating the wind load or by incorporating the platform motion in the load calculation. In this respect, it is important to take into account the typical natural periods of pitch and surge (or roll and sway) vibrations. Generally, FOWTs are designed such that the natural periods are above the typical wave periods. Most of the energy in a wave spectrum is in the wave period range between 3 and 25 seconds (or equivalently between 0.04 and 0.333Hz). The natural vibration periods of floating platforms are typically close to the highest natural periods in this range. These values are also well above the turbine's rotational frequency (1P), which is typically taken as the time constant of the blade pitch control. This means that if the changes in wind speed occur slowly, then the pitch control follows this change and therefore it does not register as a "sudden" change which would cause high dynamic wind load. Using this assumption, a quasi-static analysis of the wind load is possible. The thrust curve of a typical wind turbine is shown in Figure 2 , which can be used to calculate the mean thrust force on the turbine. A simplified way to calculate the quasi-static approximation of the wind load is assuming that the wind speed is the sum of a mean wind speed component and a turbulent wind component. The maximum wind load acts when the wind turbine is operating at the rated wind speed (or more precisely, slightly below ) where the thrust curve reaches its maximum (see Figure 2 , where the rated wind speed is 14m/s). The maximum wind load is then given by the scenario when the wind turbine is operating at the rated wind speed and the 50-year extreme operating gust (EOG) with wind speed magnitude hits the rotor, that is
where is the density of air, = 2 /4 is the rotor swept area, is the rotor diameter, and is the thrust coefficient obtained from
following Frohboese & Schmuck (2010) . The extreme operating gust speed is obtained from the formulation in DNV (2014) based on the long term distribution of 10-minutes mean wind speeds. This is expressed with the Weibull distribution, written in the cumulative distribution function (CDF) form as
from which the distribution of 1-year wind speeds is given using the fact that 
as
The 50-year extreme wind speed is then expressed as 
With these the 50-year extreme operating gust speed at the rated wind is expressed as 
where Λ 1 = /8.1 is the turbulence scale parameter, , = 0.11 10,1− is the characteristic standard deviation of wind speed, 10,1− = 0.8 10,50− is the 1-year return period 10-minutes mean wind speed.
During the 50-year extreme wind speed, the turbine is shut down. Therefore, the thrust load reduces to the wind drag force on the tower, blades and hub. If the wind speed is assumed to be constant with height (no wind shear) then the wind drag load in the 50-year extreme wind may be written as 
where , are the face area of a blade and the hub, respectively; , are the drag coefficient of the blade and hub, respectively; is the drag force on the tower (given below); and 10,50 have been defined above.
Tower drag
The tower drag load is caused by the wind exerting a drag force on the wind turbine tower. This load is typically low in magnitude as compared to rotor thrust due to wind and compared to wave loads on the spar buoy. The vertical distribution of wind speed is given by a power law profile as
where is the wind shear exponent, is the vertical coordinate measured from water level, ℎ is the hub height and ̅ is the wind speed at hub height. The drag force on the tower can be written as
where ( ) is the vertical distribution of the tower diameter, is the drag coefficient of the tower circular cross section, is the density of air. Carrying out the integration one obtains
where is the tower bottom diameter, is the tower diameter at the top. Derivation of the terms given in the equations can be found in Arany et al (2017) .
Wave load on the spar buoy
The wave load calculation is typically solved in four steps
(1) Obtain wave data: in this case maximum wave height and peak wave period are required. The maximum wave height and peak wave period are calculated separately for the 1-year and 50-year extreme wave heights. Typically, the 50-year significant wave height 50 and wave period 50 are known for the site. Then the 1-year significant wave height can be obtained as
The maximum wave heights can be obtained from the significant wave heights as 
and is the number of waves in a 3-hour sea state. The smallest wave period for a given wave height can be obtained following DNV-RP-205 as
where is the wave period, is the wave height and is the gravitational constant. Equations 10 and 11 can be used both for the 1-year and 50-year extreme wave heights and periods.
(2) Choose kinematic model: here linear (Airy) wave theory is chosen as floating turbines are expected to be installed in deep water where the linear approximation is more appropriate.
where is the water depth, is the wave number, is the vertical coordinate with = 0 at the stil water level, is the peak wave period, is the maximum wave height, is the surface elevation, ( , ) and ̇( , ) are the vertical distribution of the horizontal wave particle velocity and acceleration, respectively.
(3) Choose a wave load calculation method: in this case Morison's equation is used. The force on an infinitesimal section of the spar is calculated as
where is the density of water, is the drag coefficient of the spar, is the inertia coefficient of the spar, is the diameter of the spar and = 2 /4.
The total force is obtained by integrating along the submerged length (draught) of the spar
The drag load is highest when the surface elevation is maximal = /2, the inertia load is highest when the surface elevation is zero = 0. Therefore, the maximum drag and inertia load occur at different time instants, although calculating the maxima separately and summing them to obtain the total wave force is a conservative approach. 
The wave number can be determined from the dispersion relation 2 = ℎ
(4) Apply dynamic amplification factor based on the natural frequency of the structure and damping ratio for the surge mode of vibration, as well as the peak wave frequency.
It should be noted here that Response Amplitude Operators (RAOs) are often used in naval architecture instead of dynamic amplification factors. In linear analysis, the RAO expresses the structural response magnitude to a wave of unit height, for various time periods of excitation. The unit of the RAO in e.g. surge is [m/m] , that is, motion response in metres per unit wave height (1 metre).
Current load
The simplest way to estimate the load due to currents is to assume a constant velocity profile along the spar length . The force per unit length is then given by
where is the drag coefficient of the spar. The total force is obtained as
The constant velocity of the current is the sum of the tidal current velocity, the storm surge and the wind induced current. The wind induced component may be taken as 1.6-3.3% of the mean wind speed following DNVGL-ST-0437 (DNV GL 2016). Typically, maximum 50-year current speeds are in the order of 1-5m/s and in this paper v C ≈ 0.05U ̅ ≈ 2[ / ] is used as a conservative estimate.
Worked example
A worked example presented here basically emulates the Hywind Pilot Park close to Peterhead in Scotland. Five 6MW turbines are planned on a spar buoy platform, utilizing suction caisson anchors. Provisional data (Statoil 2015 ) is presented in Table 1 . The wind and wave loads are calculated following Section 2.
Wind Load
Weibull distribution for long term is given in Equation 3 with parameters in Table 1 , which gives the 50-year and 1 year return period 10-minutes mean wind speeds as 
The Extreme Operating Gust (EOG) wind speed is calculated as
and wind load due to the EOG at the rated wind speed is
The wind load on the shut down structure in the 50-year extreme wind speed is
of which the the tower drag load and rotor drag load components are
The drag force on the tower at the rated wind speed is 
Wave and Current Loads
These loads are calculated by breaking up the spar into three sections as specified in Table 1 . The bottom 58m is modelled with a diameter of 14.4m, the 15m long coned sections is modelled with the average diameter of 11.95m, and the top section with a diameter of 9.5m. This section can be modelled using an equivalent diameters of = 11.33 for drag load calculations, and = 12.89 for inertia load calculations. The maximum of the drag load for the 50-year Extreme Wave Height is 
Anchor load combinations
The loads under the combined actions of wind and waves have to be considered. The two combinations of loads (E-1) and (E-2) are calculated as 
As expected, the wave load dominates, and the scenario with the combination of the 50-year Extreme Wave Height and the 50-year extreme mean wind speed combination produces the ULS load. It should be noted here that this load is conservative for anchor design, as the load that acts on the anchor is reduced by the weight of the suspended section of the mooring line, the friction on the horizontal section (Touch Down Zone) of the mooring line, the soil reaction on the inverse catenary shaped forerunner in the soil and the weight of the forerunner. The vertical load acts on the spar at the instant when the surface elevation at the spar is at its highest point (wave crest), while the horizontal load is dominated by the inertia load, which is highest when the surface elevation is at the mean water level. Therefore, the ultimate load is taken as the horizontal load as calculated above.
Sizing the anchor
In this section, a simple anchor sizing exercise is carried out assuming a suction caisson anchor. The diameter of the caisson and the embedment depth are the two main independent parameters that govern the holding capacity of the caisson for a given soil profile. Formulations for both clayey and sandy soils are given in this section. At the Hywind site, the top layer of the seabed soil is dominated by loose to medium sand. The sub-seabed soil within the embedment range of the anchor is dominantly soft clay with intermittent sand layers. In the worked example, three soil types are considered:
(1) Clay with constant undrained shear strength with depth, using an average value of = 30 (2) Clay with linearly increasing undrained shear strength with depth, using 0 = 15 and = 2 / .
(3) Soft/medium sand with angle of internal friction of ϕ = 30° and effective unit weight of ′ =
[ 3 ]
The holding capacity of suction caissons is typically determined in terms of an envelope based on the horizontal and vertical load components at the anchor. Following Randolph and Gourvenec (2011) and Supachawarote et al (2004) , the envelope is given as: An alternative formulation by Senders and Kay (2002) replaces and with = 3. In equation 40, Hm is the horizontal capacity and Vm is the vertical capacity. On the other hand, Hu and Vu are the applied load. FP is the failure criterion and the maximum value can be 1 (limiting condition).
Suction caisson bearing capacity in clay
The horizontal capacity in clay is given following Randolph and Gourvenec (2011) as
where penetration depth of the caisson, external caisson diameter, lateral bearing capacity factor (shown to depend only slightly on / in Randolph and Gourvenec (2011)), approximate values are given in Table 2 . ̅ average undrained shear strength over the embedded length of the caisson. Table 2 . Lateral bearing capacity factor for clays with various strength profiles.
Np Linearly increasing with depth
Uniform with depth Horizontal translation ~10.5 ~10 Horizontal load at mudline ~2.5 ~4
The three formulations for the vertical capacity represent three failure modes: (1) presence of passive suction and reverse end bearing, (2) no passive suction, caisson pullout, (3) no passive suction, caisson and soil plug pullout (internal soil plug failure). Figure 3 shows the three failure modes and the formulations are as follows: 1 = submerged weight of the caisson + external friction + reverse end bearing 2 = submerged weight of the caisson + external friction + internal friction 3 = submerged weight of the caisson + external friction + weight of the soil plug
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Using the formulations of Randolph and Gourvenec (2011) :
where external shaft surface area ≈ × , internal shaft surface area ≈ × , external cross-sectional area = 2 /4, coefficient of external shaft friction between steel and soil, coefficient of internal shaft friction between steel and soil, reverse end bearing factor (~9), representative undrained soil shear strength at caisson tip level, ̅ average undrained soil shear strength over penetrated depth, ′ submerged caisson weight, ′ effective weight of the soil plug.
Suction caisson bearing capacity in sand
The lateral capacity in sand can be calculated following
where the average soil strength may be determined following Miedema et al (2007) as
where ′ submerged unit weight of the soil, bearing capacity factor, calculated based on DNV Classification Note 30.4 (DNV 1992) as
with being the internal angle of friction of the soil. The vertical capacity in sand accounting for the effects of stress enhancement can be calculated following Houlsby et al (2005a) ; Houlsby et al (2005b) as
where
factor that only appears together. is the effective stress factor used to calculate the horizontal effective stress as a constant times the effective vertical stress ( = ′ ), δ is the mobilised angle of friction between the caisson wall and the soil, "e" representing the external and "i" the internal circumference of the caisson; = /[4 tan ] with "e" and "i" referring to external and internal values, respectively; ′ submerged unit weight of the soil; bearing capacity factor as defined above.
Load transfer from the mudline to the anchor
The actual load on the anchor is obtained by taking into account the load reduction on the inverse catenary forming at the anchor. This is important as not only the magnitude but the angle at which the load is applied also changes through the inverse catenary shape at the anchor. The anchor padeye tension and angle can be determined by simultaneously solving the following two equations following Randolph and Neubecker (1995) , see Figure 4 for definition of the terms:
where tension at the anchor padeye, tension at the mudline, angle of the tension at the anchor padeye to horizontal, angle of the tension at the mudline to horizontal, depth of the anchor padeye below mudline, friction coefficient between the forerunner (chain, rope or wire) and the soil, average soil resistance between the mudline and the padeye. 
Required caisson dimensions
The required dimensions of the suction caisson necessary to anchor the floating platform are calculated using the ultimate load and the equations of Sections 3.4.1-3.4.3. The caisson dimensions are determined for the three different soil types given in Section 3.4, including clay with constant undrained shear strength ( ), clay with linearly increasing and medium dense sand.
The anchor padeye is placed at depth below mudline. This depth is determined based on moment balance such that soil resistance is mobilised due to horizontal translation of the anchor rather than rigid body rotation, see Randolph and Gourvenec (2011) and Figure 5 . For sand, where strength increases linearly from zero at the mudline, this depth is / = 2/3. For clay, the value varies between about = 1/2 and = 2/3. Several values of the length to diameter ratio / are chosen for the analysis, and the required parameters are determined for each. This is carried out by the following procedure:
(1) An initial value 0 of the caisson diameter is chosen.
(2) The embedment depth of the caisson is calculated for the chosen length to diameter ratio.
(3) The padeye depth is calculated from moment balance as described above as a portion of the embedment length. (4) The padeye tension and forerunner angle are calculated using the soil data, the padeye depth and Equations 50 and 51. (5) The horizontal and vertical force components are calculated from and . (6) The wall thickness is simplistically estimated using a wall thickness to diameter ratio of 70. A sensitivity study showed that this has very limited effect as it only affects the internal diameter of the caisson used for calculating the internal friction and the weight of the caisson. By changing the value from 70 to 40 or 100 the required caisson diameter changes by less than 0.1m. (9) The process is repeated until the smallest diameter is found which satisfies the failure criterion. Table 3 -5 present the results of this analysis for soft clay with constant , soft clay with linearly increasing and medium dense sand, respectively. The actual Hywind project uses a length to diameter ratio of 3.2 with a caisson diameter of 5m and an embedded length of 16m.
The dimensions determined for the length to diameter ratio of 3.2 are as follows. For soft clay with constant undrained shear strength of = 30 the calculated diameter is identical to the actual dimensions ( = 5 , = 16 ). For soft clay with undrained shear strength profile given by ( ) =
15
+ 2 • , the dimensions are determined as ( = 5.25 , = 16.8 ). For the medium sand, the dimensions are higher at ( = 6.9 , = 22.1 ). The dimensions approximate the actual anchors very well, however, applying load factors would increase the required dimensions given by this methodology. 
